The current literature on femoroacetabular impingement (FAI) is focused on acetabular orientation and femoral head asphericity, with little emphasis on the effect of version of the femoral neck. A biomechanical model was developed to determine the causative effect, if any, of femoral retroversion on hip contact stress and, if present, delineate the type of FAI with femoral neck retroversion. Five pairs of cadaveric hips (n ¼ 10) were tested by loading the hip in 90 of flexion and measured the peak joint pressure and the location of the peak joint pressure. The experiment was repeated after performing a subtrochanteric osteotomy and retroverting the proximal femur by 10
INTRODUCTION
Femoroacetabular impingement (FAI) is a mechanical conflict between acetabulum and femoral head/neck. It has been proposed that this conflict leads to abnormal contact stresses within a physiological range of motion, resulting in degeneration of the cartilage/labrum of the acetabulum and the early onset of osteoarthritis (OA) in young patients [1] [2] [3] [4] [5] . Three types of impingement have been recognized, namely, cam, pincer and mixed [2, 3] . Normal motion between the femoral head and acetabulum is rotation. However, FAI adds an abnormal linear component to this rotational motion.
FAI produces damage in two places: point of impact and point of shear. In cam impingement, an aspherical femoral head contacts a spherical socket, leading to shear stresses in the anterosuperior acetabulum [1, 3, 4, 6] . This results in what is described as a carpet phenomenon or shearing off of cartilage like a carpet as well as a labral tear. In pincer-type FAI, general or local overcoverage of the femoral head leads to a nutcracker effect on the labrum which gets pinched between the acetabular rim and femoral neck in deep flexion. General overcoverage may be due to acetabular retroversion, a deep acetabulum due to coxaprofunda or acetabular protrusion. Local overcoverage may be due to bony overgrowth of the acetabular rim. This has been termed as cranial or anterosuperior acetabular retroversion. The Pincer-type FAI also produces contrecoup lesions in the posterolateral acetabulum due to high contact stresses leading to posterolateral OA [1] .
Although acetabular retroversion as a cause of FAI has been well established [1, [7] [8] [9] , femoral neck retroversion as a cause of FAI has not been well described. Femoral retroversion could result from developmental conditions such as focal femoral deficiency, and dysplasia or be acquired secondary to malunited subtrochanteric, intertrochanteric or femoral neck fracture, varus derotational osteotomies and slipped capital femoral epiphysis (SCFE). A clear association between femoral neck retroversion, hip pain and OA has been described [4, 10, 11] . Patients with femoral version which has been reduced to zero following varus derotational osteotomy often present with hip pain which disappears once their version is brought back to the normal version of 15-20 [10, 12, 13] . Another study noted that the mean femoral neck anteversion of their cohort with FAI was lower in comparison to the control group [4] . Femoral neck fracture healing in retroversion of the femoral neck has been associated with FAI [14] . It was suggested that femoral retroversion after subcapital fractures decreased the femoral head neck offset, leading to a cam-type impingement. A biomechanical model explaining the role of femoral retroversion in FAI has not been previously studied and the type of impingement from femoral retroversion (cam versus pincer) remains to be elucidated.
The expectation was that with normal acetabular version, a retroverted femoral neck would lead to an increase in hip contact stress secondary to abnormal contact of the neck onto the acetabular rim. The null hypothesis was that femoral neck version would have no effect on acetabular contact pressures in a flexed position. Consequently, a novel cadaveric model was developed to study this hypothesis. The aims of the study were to: (1) create an in vitro biomechanical model to study effect of femoral neck retroversion on joint contact stress and assess impingement pattern; (2) assess the effect of femoral rotation and retroversion, alone and in combination, on the magnitude of joint contact stress; and (3) assess the effect of femoral rotation and retroversion, alone and in combination, on the location of peak joint contact stress and thereby delineate the pattern of FAI.
MATERIALS AND METHODS
Five fresh frozen cadaveric pelvises (average age 63.4 years; range 39-78) with 10 intact femora and hip joints were thawed at room temperature. The absence of acetabular retroversion was confirmed with plain AP pelvis radiographs with the X-ray beam centered over the symphysis pubis. Common plain radiographic criteria were used to assess for acetabular retroversion: the cross-over sign, the ischial spine sign and the posterior wall [15] . The joint capsule was removed to facilitate consistent placement of FujiFilm patterns for testing. However, the acetabular labrum was preserved and visual inspection confirmed the joints were free of impingement, particularly for any associated cam lesions. Physiologic saline was applied in between tests to maintain specimen hydration.
Femoral neck version was measured relative to the posterior condylar axis via axial radiographs (Fig. 1) as described previously [16] . The tube was kept at 120 cm from the center of femoral head. The femur was kept 10 abducted from midline and parallel to the floor. The posterior condylar axis was kept parallel to the floor, and a Kwire was coincidentally placed to show this alignment in X-rays. Femoral version was measured as the angle between the posterior condylar axis and the long axis of the femoral neck on the axial view. Femoral version ranged from 5 to 37 with mean of 18 (standard deviation 9.7 ) comparable to that reported by others [17] [18] [19] [20] .
Steinmann pins were inserted in each of the iliac fossa near the arcuate line so that their free ends coincided with the plane defined by the ASIS and pubic symphysis (Fig. 2) . The pelvis was split along the sagittal plane and secured in a 2 00 Â 3 00 PVC connector using three 3.2-mm diameter K-wires and two #8 wood screws with washers prior to potting with polymethylmethacrylate (PMMA). This construct allowed rigid mounting of the pelvis onto a custom-designed fixture for testing of each hip. A rigid 3.2-mm diameter K-wire was inserted in the distal femur perpendicular to the plane of the posterior condylar axis to serve as a marker for femoral rotation. The distal femur was removed by a transverse osteotomy at 30 cm from the tip of the greater trochanter and the proximal femoral shaft was secured in a 6-cm segment of 2 00 PVC tubing with two 3.2-mm diameter K-wires before potting with PMMA. This allowed secure mounting of the shaft in a customdesigned fixture attached to the Instron actuator (Fig. 3 ).
Osteotomy
A subtrochanteric transverse osteotomy was cut 1.5 cm distal to the most prominent part of the lesser trochanter (Fig. 2) . A five-hole angled blade plate (Synthes, Inc., Paoli, PA, USA) was placed across the osteotomy site. Rigid fixation was achieved by obtaining screw purchase in at least six cortices distally. Supplemental fixation was achieved by placing a fully threaded cancellous screw in the proximal fragment and circumferential clamps proximally and distally. Supplemental circumferential clamp fixation was necessary as screw holes were close to each other when the rotation was performed and new screws inserted. This allowed testing with and without relative femoral neck retroversion which was simulated by unscrewing the blade plate from the femur distal to the osteotomy, and rotating the distal fragment externally. A relative rotation of 10 , comparable to one standard deviation of the sample population, was consistently applied to all femurs to generate a significant shift into femoral retroversion. It was hypothesized that this should be sufficient to show any abnormal effect more specifically impingement. To control the application of relative retroversion, two K-wires were inserted, one proximal and one distal to the osteotomy. A third K-wire was inserted in the proximal fragment in such a manner that it would be parallel to the K-wire in the distal fragment with external rotation of the distal fragment (simulating retroversion of the neck) by 10 . Following this, the blade plate was reattached to the shaft and supplemented with circumferential clamps. The reverse of these steps returned the femur to its nonretroverted state.
Measurement of contact stress
Specially prepared pre-cut Fujifilm (Low Prescale, Fujifilm Corp., Japan) was used to assess the impingement pattern and contact stress in the hip joints. The Fujifilm was calibrated with a custom fabricated pressure chamber to measure pressures from 2.5 to 13.5 MPa. While taking care to avoid wrinkling of the Fujifilm, it was pre-cut in an eightpedal pattern, sealed with plastic wrap and contact adhesive to prevent film damage from joint fluids, and then mounted onto the femoral head for each test by covering it with the middle finger of a latex glove. A clock face and quadrants were used to facilitate description of stresses on the acetabular surface such that 6 o'clock centered on the transverse acetabular ligament, 12 o'clock was directly opposite, 3 o'clock was anterior and 9 o'clock posterior for both right and left hips [21] [22] [23] . Using a 4-mm drill bit two drill holes were made in the acetabulum 5 mm from the acetabular margin at 1 o'clock and 8 o'clock (Fig. 4) . These holes provided access to manually create pressure points via smooth ended 3.2 mm rods during loading to assess the orientation of the film relative to the center of the acetabulum. Peak stress was measured from the color density of the Fujifilm using a Fuji CIPD-100 densitometer (C.Itoh & Co., Inc.). The radial distance from the center of the acetabulum to the peak pressure location was measured from digital scans of the patterns using NIH Image-J freeware (National Institutes of Health, Bethesda, MD, USA).
Loading conditions
Each specimen was mounted with the pelvis horizontal and the femur in 90 of flexion via a custom fixture for testing on a biaxial servohydraulic testing machine (Instron model 1321, Instron Corp., Canton, MA, USA) retrofitted with MTS TestStar II controller (MTS Corp., Eden Prairie, MN, USA) and the axis of rotation centered with the femoral head and acetabulum for each test combination of 0 and 10 internal rotation and 0 and 10 femoral retroversion (Fig. 3) . For each combination, prior to any testing, Fujifilm was inserted into the unloaded hip to ensure that no pressure artifacts would be generated by the setup. Testing consisted of a 300-lb (1334 N) axial load applied via the distal femoral shaft to the hip thereby approximating the joint reaction force one might experience in rising from or lowering into a chair [24] . Internal rotation of 10 represented rotation that has been observed in normal subjects rising from a chair [25] and the level at which hip pain has been reported for symptomatic patients [6, 26] . At the completion of each test, the orientation of the film relative to the acetabulum was registered by marking the film at 8 and 1 o'clock positions (Fig. 4 ). Each combination was tested three times with a fresh Fujifilm pattern being used for each test. The average of those three repetitions was taken to represent each combination.
Statistical analysis
Peak density values were analyzed via Mixed Model ANOVA followed by Tukey-Kramer post hoc pair-wise comparisons (SAS, Cary, NC, USA). P values less than 0.05 were considered significant.
RESULTS
Ten cadaveric hips were successfully tested with this new protocol. Peak pressures for one hip was excluded from analysis after processing of data because its maximum pressures for the rotation alone, retroversion alone and combined rotation/retroversion states well exceeded the calibrated range of pressures that the film could measure. Also, one repetition for one other specimen (no rotation/ no retroversion state) was excluded because its peak pressure exceeded the range. However, the distances of the peak pressures from the acetabula centers for these instances were measured and included in the analysis of that parameter. For all other specimens, the peak contact pressures were within the calibration limits. One specimen had evidence of bilateral cam lesions. It's right hip lesion was very small and did not noticeably affect its pressure patterns. In contrast, the lesion on the left hip did produce an impingement pattern prior to retroversion or rotation suggesting cam impingement contributed to the pressure pattern in this hip. The pressures clearly increased with retroversion on these hips similar to other hips without evidence of cam lesions. This still reflected the role that pincer impingement played and thus the influence of retroversion as detected in our data.
All test pressure patterns revealed contact stresses in the posteroinferior region. For tests of combined femoral retroversion and rotation, impingement was clearly evidenced by the appearance of localized contact stresses in the anterosuperior region ($1 o'clock) of the acetabular rim (Fig. 4) . Retroversion had a significant effect in increasing posteroinferior peak pressures (P < 0.001) while a significant effect was not found for rotation (P > 0.53) (Fig. 5) . Post hoc pair-wise comparisons revealed that the mean peak pressure for the combined rotation and retroversion group was significantly higher than the group with no rotation or retroversion and was higher than the group with rotation alone (P < 0.03). Mean peak pressure for combined rotation and retroversion was not found to be statistically different from retroversion alone (P > 0.87). A trend was apparent, but not statistically significant, for mean peak pressure in the retroversion alone group to be higher than the no retroversion or rotation group and the rotation alone group (P > 0.13). A significant difference was not found between rotation alone and the no rotation or retroversion group (P > 0.99). Finally, a statistically significant effect in outward radial displacement of the peak contact pressure was found by retroversion (P < 0.04) but not by rotation (P > 0.89) (Fig. 6) .
A power analysis revealed that more than 26 hips would be required to achieve 80% power for the pair-wise comparisons for which statistical significance could not be established. However, the significant effect of femoral retroversion has already been established with the existing data and additional tests would not likely produce additional information of clinical relevance.
DISCUSSION
The current literature on FAI is focused on acetabular geometry and femoral head eccentricity. The role of femoral neck retroversion in FAI is unclear, and the pattern of FAI seen in femoral neck retroversion has been a matter of speculation [27] [28] [29] . Femoral version by definition is the angle measured in the coronal plane between the femoral neck and posterior condylar axis/transepicondylar axis of knee. Derotational osteotomies have been used to correct femoral retrotorsion and have been shown to decrease pain associated with impingement. The premise used in our model was that if derotation can correct retroversion, a rotational osteotomy should be able to produce retroversion [30] . Matsuda et al [27] corrected femoral retroversion in their case report by doing bilateral proximal femoral derotational osteotomies. Huber et al. [31] showed that decreased femoral antetorsion was associated with hip pain and possible femoral acetabular impingement. They did subtrochanteric derotational osteotomy to successfully correct impingement. Thus, it was hypothesized that femoral neck retroversion with normal acetabular version would induce a pincer-type FAI and result in increased hip contact stress secondary to the impingement. To test this hypothesis, a biomechanical model was developed to study FAI with cadaveric specimens.
Limitations of the study include small sample and a simplified unidirectional loading condition as opposed to the complex loads that are in effect in vivo. Secondly, the effect of various muscular vectors that might affect the peak joint pressure was not incorporated. We believe our position of loading and use of peak contact pressures did produce clinically relevant impingement. Our loading with the femur in 90 of flexion, with 10 of internal rotation, approximates the initiation of sitting to standing which has been shown as a critical activity [32] and common position for impingement in a retroverted femoral neck [28] . The load was applied axially along the femur to approximate the direction of load experienced by the hip during sitting to standing [33] . While our model is a simplification of complex interaction of forces along the hip joint, this approximates the direction and magnitude [24, 33] of peak contact force vector in sitting to standing position. Lastly, peak contact pressures were evaluated since this measure has been used as a means of predicting future OA in mathematical models of human hips [34] . Thirdly, a single fixed load of 300 pounds was imposed, which is likely to vary from person to person and with activity. Fourthly, the retroversion created by osteotomy at the subtrochanteric level may differ biomechanically from the ones seen in femoral neck fractures or SCFE. A 300-lb load was chosen as an approximation of the joint reaction force one might experience in rising from or lowering into a chair [24] . Proximal femoral and subtrochanteric osteotomies have been used to correct retroversion/retrotorsion in FAI [27, 30, 31] . Thus, a subtrochanteric osteotomy was chosen for this model as it was easily reproducible, retroversion could be calibrated and the osteotomy could be rigidly fixed. Despite the above limitations, the standardized loading conditions enable conclusions to be drawn regarding the effect of femoral retroversion on peak joint pressures and delineate its role in FAI.
Testing for FAI was successfully demonstrated by measuring peak joint pressures in hips loaded to 300 lb (1334 N) in 90 of flexion. Brown and Shaw measured hip joint contact pressures in an in vitro model using implanted transducers and found an average peak pressure of 8.8 MPa (range $3.8-14.5 MPa) for an applied load of 2700 N [35] . Olson et al. [36] in a cadaveric model showed peak pressures of 5.6-10.5 MPa for intact acetabula loaded to 2000 N in simulated single-leg stance. Other cadaveric models for loading the hip at or near vertical have shown peak pressures between 3.8 and 9.8 MPa over a range of loads up to 3.5 times body weight [37, 38] . The mean peak pressure with no rotation or retroversion in this study was 9.3 MPa (range 7.2-12.2 MPa). While this range is comparable to the other studies cited, it occurs at a lower applied load, likely due to the loading scenario of rising from or lowering into a chair [24] . This variation is likely from loading the hip in 90 of flexion, simulating a joint reaction force that might occur when rising from or lowering into a chair when FAI might occur, while previous studies have studied loading to simulate single leg stance.
Normal femoral version has been described to be from 15 to 20 [11] . Several studies have shown the association of decreased femoral neck version and hip pain [4, 9, 11] . While femoral head retroversion is a known cause of FAI [2] and has been postulated to cause cam FAI, no studies have conclusively shown femoral neck retroversion as a cause of pincer-type FAI. In the study by Heller et al. [39] , increased anteversion by 30 in endoprosthesis lead to increased hip contact forces and bending moments up to 28%. There are no cadaveric biomechanical studies for femoral retroversion and hip contact stresses. A recent finite element analysis study showed a 10 variation in femoral version brought significant differences in hydrostatic pressures in hip joint [40] . Femoral retroversion significantly elevated the peak joint pressures in this study. Hip contact stresses are believed to be one of the key factors in development of OA of hip. Higher peak joint pressure has been shown to lead to the development of OA [15] and to earlier hip Arthroplasty [34] . The data in this study showed that femoral retroversion increases the peak joint pressure and could possibly be a factor in the etiology of FAI and OA. These findings are consistent with those of Ito et al. [4] who noted that the femoral neck version was lower in symptomatic patients with FAI when compared with matched healthy controls.
The model in this study showed visible contact of neck onto acetabular rim when it was retroverted, flexed and internally rotated suggestive of nut cracker effect seen in pincer impingement. The displacement of the peak joint pressure with femoral retroversion was radially outward within the posteroinferior quadrant of the specimens tested, further correlating with the fact that impingement with femoral neck retroversion is of the pincer type. The magnitude of displacement with combined rotation and retroversion was significantly greater when compared to rotation alone. This could be explained by the effect of impingement leading to subtle hip subluxation in a posterolateral direction. Finite element models of Liechti et al. [41] showed highest contact pressures occurred during standing to sitting in a region corresponding to clinically observed cartilage damage in the posteroinferior acetabulum of severe pincer hips. Also, Beck et al. [1] have previously demonstrated that the location of predominant cartilage damage with pincer impingement lies in the posteroinferior quadrant while that of cam impingement lies in the anterosuperior quadrant. This finding was supported by a later MRI-based study [42] . Cam-type impingement was evident with femoral neck fractures healed in retroversion. It must be noted that the majority of their cohort had subcapital femoral neck fracture and hence the retroversion was of the head relative to the neck rather than of the neck itself [14] . The mechanism of impingement might thus differ depending on the level of retroversion. While the work of Eijer et al. [14] suggests that retroversion at the subcapital level results in a cam-type impingement, the data in this study suggests that a true retroversion at or distal to the base of the neck would result in a pincer-type impingement. These findings are applicable to cases with a true retroversion of the neck.
CONCLUSION
This study supports the hypothesis that femoral neck retroversion leads to increased hip contact stresses as evidenced by the visible FAI of pincer type with correlated pressure patterns. The observed pattern of increased hip joint contact stresses correlates with the OA pattern seen clinically in pincer-type FAI. This conclusion needs to be correlated in clinical models.
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